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FRICTION AND WINDAGE u)SSE;s IN RDTOR BLADE ASSEXBUES 

GAS TUFLBINE POWER PLANTS 

*&I 
OF RADIAIrFUlW TURBINES OF HELICOPTER ATJD TWSPDRT 

Frict ion and windage losses  in blade rims of radial-flow 

turbines, at  id l ing  i n  forward and reverse direction and at  

variable rpm, are discussed. Results of experiments Kith 

Ljungstgm turbine blades mounted t o  the  shaft of a high- 

frequency 9-kwmotor i n  atmospheric air, i n  sealed and un- 

sealed casings, are applied t o  a i r c r a f t  gas turbines. 

Formulas are given f o r  calculating the  power expenditure a t  

idling, allowing f o r  ventilation of t he  medium and f o r  

boundary f r ic t ion ,  i n  single- and multistage radial-flow 

turbines. 

of interblading shmuds without change in radial clearance. 

Windage losses were reduced by modified layout 

The l i t e r a t u r e  contains no investigations of power losses due t o  i d l e  

rotat ion of the  blade r i m s  of radial-flow turbines. 

Taking in to  account the  use of single-rotor and two-rotor radial-flow 

turbines i n  helicopter gas turbine plants (see, f o r  example, Bri t ish Patent 

820337, Class 4, 1956), where the magnitude of these losses  a f f ec t s  the landing 

speed of a helicopter Kith an idling gas turbine and determines the need f o r  a 

free-wheeling clutch, and t h e i r  use in transport  a i r c r a f t  power p h t s  requiring 

reversal  from the power turbine, we c a m e d  out investigations which t o  a 

cer ta in  extent should f i l l  this gap. 

s- Numbers i n  the margin indicate  pagination in the  or ig ina l  foreign text. 
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One of the  objects of the investigation was the  blading taken f r o m  the  

Ljungstsm radial-flow multistage turbine. 

blading of  t h e  Ljungstsm radial turbines provides f o r  high thermoelasticity 

and t h e  capacity of almost constant maintenance of t he  size of t h e  interblading 

radial clearance during rapid and appreciable changes in operating conditions 

and a t  excessive heating of i ts  components. 

rotor radial-flow gas turbine of t h e  Ljungstgm system successfully operated i n  

1935 a t  an i n i t i a l  gas temperature of 923 - 973'K (Xbl . l ) ,  

properties,  t he  design of t he  Ljungstgm blading i s  most sui table  f o r  turbines 

of which one expects high maneuverability, r e l i a b i l i t y ,  and economy, and also 

f o r  applying, under multistage turbine conditions (absence of vacuum), we l l -  

knm methods f o r  reducing f r i c t i o n  and windage losses  in the working r ims  at 

As is known, the  design of the  

For example, the  a i r c r a f t  two- 

Thanks t o  these 

I 

protracted id l ing  such as t he  use of annular casings and reduction i n  density 

of the m e d i u m  (by appreciably ra i s ing  the  temperature of t h e  medium by using 

t h e  heat generated by t he  f r i c t ion  losses), 

1. Conditions, Neans, and Wethods of t h e  Experiments 

The investigations were carried o u t  on a model and experimental device 

whose diagram ( f o r  tes t ing  radial blade rings) i s  given in Fig.la. 

r ings (1) of t h e  Ljungstsm turbine, having 208 blades of 7.7 mm width and 

18 mm length with an outside diameter of 366.4 mn, was mounted d i r ec t ly  t o  t h e  

shaf t  of a high-frequency 9-kw e lec t r ic  motor (2) rotat ing a t  8000 r p m  i n  a 

m e d i m  of atmospheric air inside an enclosure (lo), in forward and reverse 

direct ions at variable r p m  under  t h e  following conditions: 

The blade 
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1 )  i n  free space, without any blading elements; 

2) i n  t h e  presence of guide blading (8) coupled wi th  it (Fig.lb); 
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3 )  i n  annular space between simply supported rings of t h e  guide-vane r h s  

(Fig.lc). 

Axial displacement of the  concentric blade rings (8) from the posit ion b 

c occurred both during rotation and upon stopping the  row of blades without 
5.cri.ll thrarg b A  

mrclrftll i 
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Fig.1 Cut-Away of the  Device 

4 - Tachometer; 5 - Dial and pointer; 6 - Thermometer; 

disk; 10 - Casing 

1 - Moving blades; 2 - Electric motor; 3 - Torsional shaft; 

7 - Angle bracket; 8 - Guide vanes; 9 - Supporting 
+de 

catching between the  blades, and was accomplished by turning t h e  supporting 

disk (9) holding the  blade rings by three angle brackets (7 ) ;  t he  disk was 

attached by a threaded connection to  t h e  casing of the  lower bearing crosspiece 

of the  e l e c t r i c  motor, c o a d a l l y  with its shaft. The axial displacement of the  

blade rings i n  motion was accomplished i n  an andlogous manner as the  displace- 

ment of the  exit disks of t he  first L j u n g s t s m  radial-flow turbine, in whose 

labyrinth seals the  clearances were considerably d e r  than i n  the  case under 
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consideration (Bibl.2). 

with an accuracy of up t o  5%; the  temperature of t h e  working medium was deterc 

mined by a mercury thermometer close to  the  blade rims Kith an accuracy of 0.9, 

The r p m  was measured by a mechanical tachometer (4) 

w h i l e  the  barometric pressure was taken from the  data of the  Meteorological 

Service. The xnoment of forces acting on the  radial rim, equal t o  the  shaft 

torque of the  e l ec t r i c  motor, was determined by t h e  reaction ment on the  

s t a t o r  measured in the  device by the  angle of twist of the  tors iona l  shaft ( 3 )  

t o  which the s t a to r  was mounted, forming a tors ion  balance Kith it. 

angle of twist was measured Visually from a fixed dial and a pointer  (5)  attached 

The /62 

t o  the s ta tor .  The torsiometric system was calibrated in t he  device by a 

spring-filled dynamometer and a balance, with the e l ec t r i c  motor operating and 

stopped. Calibration was performed before and after the experiments. The re- 

sults of numerous calibrations during the year coincided, when the  dynamometer 

and balance were put i n  use. 

r ings was determined by the  formula 

The p m r  lost  t o  rotat ion of t h e  radial blade 

where 
N = power, kw; 

g = character is t ic  of the torsiometric system, H / m ;  c = -  . 
G = cal ibrat ion force, H; 

G 
Cp 

cp = length of arc on sca l e  corresponding t o  angle of twist, nan; 

L = cal ibrat ion lever  arm, m; 

n = r o k t i o n a l  speed, rpm; 

g = acceleration of gravity, m/sec2. 

To p lo t  t he  e m s  of the  power loss due to f r i c t i o n  and windage as a 

function of t h e  rotatory speed, we found it more convenient t o  use the  quantity 

4 



which i s  proportional t o  the power and i s  reduced t o  the  following 9 . n  
TimT-’ 
conditions: air pressure 1.013 bar o r  760 m Hg and temperature of 293’K. The 

t o t a l  error of determining t h e  power i n  t he  range of l o w  r p m  was about 9%. The 

reduction was performed by t he  formula 

where 
B = barometric pressure, mn Hg; 

T = temperature of t h e  medium, OK. 

2. Ewerimental Results 

The results of the  experiments are presented h Fig.2, i n  a logarithmic 

coordinate system. 

Curves 1 and 5 correspond t o  i d l e  rotation of the  working rim i n  reverse 

and forward directions between the blade rings aligned in the  posi t ion shown i n  

Fig.lb. 

Curves 2 and 4 characterize the  magnitude of t he  f r i c t ion  and windage 

losses  in a s ingle  blade ring, rotating respectively i n  reverse and forward 

direct ions i n  free space. 

Curves 3 and 6 give the magnitude of these losses  during reverse and 

forwa.rd rotat ion of the blade r ing i n  the annular clearance between the support- 

ing  rings of the  guide-vane rims i n  the posi t ion shown i n  F5.g.h. A comparison 

of the ordinate axes of curves 1 and 5, 2 and 4, and 3 and 6 shows that ,  i f  the 

direct ion of id l ing  of the  blade rings changes f r o m  forward t o  reverse and i f  

other  conditions are kept equal, the f r ic t ion  and windage losses  Kill increase: 

in the  first case (intermediate stage) by a fac tor  of 15 - 20, i n  the second /63 
(single blade ring) by 9 - 10, and in the  th i rd  (blade r ing in the  annular 

5 



. 

casing) by 2 - 2.5. 

As shown by the  slope of the  curves, i n  a l l  of the above cases, at  forward 

idle ro ta t ion  of the blade rings, t he  magnitude of the  f r i c t i o n  and windage 

losses  i s  pmportional t o  t h e  rpm w i t h  an exponent of 2.85 - 2.9 and, at reverse 

rotation, with an exponent of 3 - 3.3; i n  t h e  given coordinate system, this i s  

equal t o  the tangent of t he  angle of slope of the curves to  the  abscissa axis. 

Fig.2 Results of Testing the Blade Rings of t he  Ljungstgm 
Radial-Flow Reaction Turbine, m = tan CY 

If, as a comparison standard, we take the  l e v e l  of the  f r i c t i o n  and windage 

losses  i n  a s ingle  blade r ing  rotat ing i n  free space, then t h e  e f fec t  of t h e  

structural. elements on the  magnitude of these losses  i n  t h e  blade ring can be 

described by the  folloding relations: 

A t  forward rotat ion of the  blade r ing ,  as indicated by curves 4 and 5, the 

guidevane rims reduce the f r i c t i o n  and windage losses  by a fac tor  of about 1.5, 

which i s  explained by t h e  decrease i n  the  rate of f l o w  of the  medium ventilated 
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by t h e  blade ring i n  the  presence of gcides, 3x1 comparison w i t h  t h e  case of 

similar ro ta t ion  of the  blade r ing in the  absence of guides and i n  free space. 

Bilateral housing of t h e  blades of t he  working r i m  by simply supported 

r ings of t h e  guide r ims,  as shown by curves 4 and 6 ,  leads to a drop i n  these 

losses  by a fac tor  of 1.6 - 1.7 i n  the case of forward rotat ion i n  comparison 

with the case of t he  same rotat ion of the working rim i n  free space, and by a 

f ac to r  of 1.1 i n  cumparison with the case of i t s  forward rotat ion under condi- 

t ions  of an intermediate stage, which is also explained by a decrease of venti- 

l a t i o n  of the working medium. 

I n  the  case of reverse idle rotation of t he  working rim, t h e  presence of 

guide rims, as i s  apparent from a comparison of the  ordinates of curves 1 and 2, 

causes an increase in f r i c t i o n  and windage losses  by a fac tor  of 1 .1with re- 

spect t o  a s ingle  blade ring rotat ing in reverse i n  free space. 

It follows f r o m  a comparison of t h e  ordinate axes of curves 2 and 3 and of 

1 and 3 t ha t  housing t h e  blades of t he  worldng rim with reverse rotat ion by 

means of supported rings of the  guide rims of t h e  adjacent stages forming the 

annular space o r  by a special  annular casing makes it possible to reduce f r ic -  

t ion and windage losses  w a fac tor  of 8 - 9 i n  comparison wi th  the case of 

reverse ro ta t ion  of a single blade r h g  i n  free space and by a fac tor  of 9 - 10 

i n  conparison with t h e  case of t h e  same ro ta t ion  under conditions of an inte- 

mediate stage. 

investigations of other radial rims and  with the  special  experiments which 

were previously published i n  pa r t  (Bibl.3, 4 ) ;  this permitted establishing t h e  

quantitative re la t ions  between the power l o s t  t o  vent i la t ion of the  m e d i u m  and 

to overcoming the  f r i c t ion  of t h e  blade edges and, consequently, defining t h e  

pr inciple  and s i p i f i c a n c e  of t h e  losses produced on in te rac t ion  of the blades 

The obtained r e su l t s  sa t i s fac tor i ly  agree with the  results of 

/6L, 
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with the  med ium under free-space conditions and in annular casings. 

servation and measurement of t h e  flow angles of t h e  medium at the  entrance and 

exit of t h e  radial rim, rotat ing i n  free space, showed t h a t  the r i m  i n t e rac t s  

Visual o b  

Kith t h e  medim ?mi* l i k e  the  kjrking rim of a simplest radial-type blower. 

Theoretical calculations, taking i n t o  account t h e  vent i la t ion of the medium 

and boundary f r ic t ion ,  which were confirmed by experimental investigations 

(%b1.3), gave the following formula for determining the  f r i c t i o n  and windage 

power i n  a radial rim: 

In  groups of radial stages with blades of t h e  same shape and comparatively 

small difference in lengths, this formula can be writ ten i n  t h e  form of 

In the  case of a large number of uniform stages i n  a group with t h e  same 

width of t h e  ro tor  and s t a t o r  blading and s i z e  of t h e  intercblade clearance, 

t h e  sum of t h e  fourth power of the  outer diameters of the  wrking r ims can be 

approximately determined by integration : 

z z 

7 

, 

1 

1 

Here, the  following symbols are used: 

N = f r i c t i o n  and windage power, kw; 

n = number of revolutions, rpm; 

m = exponent on the rotat ional  speed; 
.e, + '' 

2 
= respectively, length and average length of the moving 4, 4,. = 
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Forward 
Rotation 

blades, cm; 

d = outer diameter of the  working rim, m; 

p1 pz = respectively, density and average density of t he  
2 P, P a r  = 

neciium, kg/m3; 

Reverse 
Rotation 

b = reduced width of the  rims equal t o  the  sum of the rim 

width and radial clearance, m; 

0 257 
0.162 

0.147 

z = number of stages; 

k = coefficient taking into account the  e f fec t  of the  direc- 

2.57 
2-94 

0.294. 

t ion  of rotation, geometric angles, blade width and 

pitch,  structural elements, and s i ze  of the  radial 

clearance . 
The indices 1 and z denote t h e  quantities pertaining t o  t h e  first and /65 

last stages of t he  group. 

According t o  the experiments w i t h  radial blade rings, the exponent f o r  the 

r p m  i n  a l l  cases with forward idling can be taken as equal t o  2.85 - 2.9 

(rounded t o  2.9) and with reverse rotation as 3 - 3.3 (rounded t o  3 ) *  

Depending on the circumstances, the coefficient K on the  basis  of the  re- 

sults of tes t ing  the  L j u n g s t G  radial-flow blade rings can be taken as follows: 

1. Rim i n  free medium 
2. R i m  i n  intermediate stage 
3 .  Rim i n  annular casing o r  between the 

supporting rings of the  guide rims i n  the  
absence of interblading labyrinth seals 

Xith interblading labyrinth s e a s  i n  which t h e  clearances are always 

smaller than the  clearances between the rims, there i s  an additional decrease 

9 



i n  t h e  windage losses  i n  the t h i r d  case by a fac to r  of 2 - 2.5 (Bible&), pro- 

duced by the  decrease i n  vent i la t ion of t he  medium. 

The poss ib i l i t y  of an additional substant ia l  decrease i n  h d a g e  losses  in 

the th i rd  case, by organizing the  shrouds w h i l e  retaining suf f ic ien t ly  large 

clearances between the  rotat ing and fixed massive parts ,  is of considerable 

p r a c t i c a l  i n t e r e s t  since sirmrltaneously with a reduction i n  losses, t.he re=- 

a b i l i t y  of t h e  turbine i s  increased: 

t h in  elements of the  shrouds upon marked changes of conditions cannot lead t o  

an accident o r  t o  appreciable changes in the  f r i c t i o n  and windage losses since 

the s i z e  of t h e  clearance in t h e  interblading shrouds of exis t ing radial-flow 

turbines  is 5 - 10 times smaller than the  clearance between the  rims (Bibl.5). 

Possible interference of comparatively 

Limitations on the  length of this a r t i c l e  do not permit a detai led account 

of a l l  t he  experiments performed; therefore, we w i l l  r e s t r i c t  ourselves t o  list- 

ing t he  basic results of the  work carried out on f r i c t i o n  and windage losses  i n  

radial bladings . 
1. Fr ic t ion  and windage losses in radial blade rings during id l ing  in 

forward and reverse directions with a variable rpm were investigated: 

a )  i n  free space, b) in annular labyrinth sealed and unsealed casings, 

c )  under conditions of a single centrifugal stage, d) under conditions of an 

intermediate stage of a multistage turbine,  e )  in the  annular space between 

simply supported rings of t he  guide r i m s  of adjacent stages of multistage 

turbines. 

2 .  The quantitative relationship between power expended on vent i la t ion of 

the  medium and on f r i c t i o n  of the blade edges was determined; the essence and 

significance of the losses  during idle rotation of radial blade rings i n  free 

space and i n  annular casings were  e l ic i ted.  

10 
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3. The effect  on the magr3-tcde of the f r i c t ion  mid windage power expended 

f o r  i d l e  rotat ion of the  r ad ia l  rim, of t h e  following factors  was established: 

a )  direct ion of rotation, b) rpm, c) length of the moving blades, d)  width 

of the  working rims, e) exit angle of the nozzle blades i n  a s ingle  centri- 

fugal stage, f) s t ruc tura l  elements of the  blading, g)  interblading labyrinth 

seals and rad ia l  clearance with rotation i n  annular casings and i n  the  annular 

space between the  simply supported rings of t he  guide vanes. 
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4. An experimental comparison was made of the  f r i c t ion  and windage losses  

in radial-flow and axial-flow working blade rings. 

5.  Design methods of reducing f r ic t ion  and windage losses  i n  radial rims 

were discussed. 

6. Formulas and coefficients were proposed f o r  prac t ica l  use, which permit 

calculating the  power expended f o r  i d l e  rotat ion of radial-flow blade rings i n  

single-stage and multistage radial-flaw turbines. 
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